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technique that the C; fraction contained propylene as well
as propane, No attempt was made to isolate hexane.
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The photochemical reaction between diethyl ketone and oxygen has been studied at temperatures from 35 to 150° at

several oxygen pressures and over a wide range of intensities.

At all temperatures the carbon monoxide yield becomes

small at high oxygen pressures, thus indicating that the propionyl radical reacts with oxygen without producing carbon mon-

oxide.
oXygen pressures.

All yields pass through maxima (except possibly carbon monoxide at 35°), and oxygen acts as an inhibitor at high
At room temperature quantum yields are independent of intensity, but at 150° they are an inverse

linear function of the square root of the intensity. Oxygen at very low pressures strongly suppresses the formation of C,
hydrocarbons so that the reaction between ethyl radicals and oxygen must be very r.apld. A falrly complete mechanism
for the reaction can be suggested and the relative values of several rate constants estimated. Chains must be propagated

mainly by ethoxy and pentanonyl radicals.

Since rates of formation of acetaldehvde and carbon dioxide are closely parallel

to each other, possibly pentanonyl radicals react with oxygen to give acetaldehyde, carbon dioxide and ethy! radicals.

Introduction

The photolysis of diethyl ketone has been stud-
ied, and a mechanism which satisfactorily accounts
for the experimental observations has been put for-
ward.®—% Information about some of the reactions
of radicals with oxygen was obtained’ in an inves-
tigation of the photolysis of mixtures of diethyl ke-
tone and oxygen. The reaction was shown to be a
complex radical chain of short length, and various
possible radical reactions were discussed. The pri-
mary process is almost certainly reaction 1, and it is
known that the propionyl radical dissociates al-
most completely even at room temperature (reac-
tion 2) in the absence of foreign substances. In
the presence of oxygen the low yield of carbon mon-
oxide indicates that reaction 2 is largely suppressed,
Reaction 3 has been suggested for the reaction of
propionyl radicals with oxygen.”®

The present paper gives further data on the di-
ethyl ketone—oxygen reaction. In general, oxygen
suppresses formation of C; hydrocarbons more com-
pletely than hitherto indicated. Due to the chain
character of the reaction, great care must be exer-
cised to avoid local depletion of oxygen when the
oxygen pressure is low. The higher values for C,
formation previously reported’ are thought to be
due to such local depletion of oxygen.

Experimental

The reaction was carried out in a high vacuum system
consisting essentially of a reaction cell, fractionation spiral,
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McLeod gage and oxidizing furnace. The parallel light
beam entirely filled the cell, and homogeneous conditions
were maintained by means of a magnetically driven stirrer.
The volume of the part of the line which included the McLeod
gage was 663.6 ml., the volume of the reaction system (in-
cluding stirrer) was 198.8 ml., and the volume of the reac-
tion cell was 76.0 ml,

Two light sources were used (1) a Hanovia Alpine Burner
and (2) a water-cooled General Electric Co. A-H6 arc.
The beam was collimated by a quartz lens, and radiation
below 2300 A. was removed by a Corning 9863 red-purple
Corex filter. Since the long wave absorption limit in diethyl
ketone is about 3200 A., the chief absorbed wave lengths
were 3130, 2650 and 2537 A. Some experiments used a chlo-
rine gas filter so that the main transmitted radiation was
2650 A. Another series was carried out with a 2-mm. Pyrex
plate to give mainly 3130 A. Intensity effects were studied
by neutral density filters of two types—silver coated quartz
plates and darkened copper screens. Transmissions were
determined by a photo cell and also by a Beckman pho-
tometer.

The measurement of the radioactivity of the Cl*-labeled
products was made by freezing them into a proportional
counter tube of the type described by Bernstein and Ballan-
tine® and counting on a scaler. It was found that the ac-
tivities of portions of a given sample were directly propor-
tional to their pressures.

Procedure.—A small sample of diethyl ketone, prepared
as previously described® was removed from the black storage
bulb and degassed before being admitted to the cell at 35
mm. pressure, at which pressure all runs were carried out.
The desired amount of oxygen (prepared by heating potas-
sium permanganate) was added and the well-stirred mixture
illuminated. The gases not condensed by liquid nitrogen
(oxygen and carbon monoxide) were reinoved, measured and
transferred to a bulb containing copper—copper oxide which
could be heated in a furnace. The resultant carbon dioxide
enabled oxvgen and carbon monoxide to be calculated. At
—160° a second sample, carbon dioxide, was removed and
measured, and a third fraction was obtained at —115°.
The third fraction was acetaldehyde and was readily char-
acterized by freezing it fromn the system and causing it to
react with p-hyvdroxydipheny! with which it gives a colored
compound with a characteristic absorption peak at 5700 A.»

In experiments at low oxygen pressure, oxvgen was
added by a ‘‘doser’ to keep the oxygen pressure approxi-
mately constant.! Small amounts of ethane and ethylene
are produced under these conditions. In these experiments,
the non-condensable gases were passed through a fractiona-
tion spiral maintained at —215° with supercooled liquid
nitrogen. This prevents remioval of ethane and ethylene
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with the oxvgen and carbon monoxide. The C, hvdrocar-
bons were then removed through a liquid oxygen trap and

measured.
Results

The following quantum yields are reported: oxy-
gen disappearance, C; hydrocarbons, carbon imon-
oxide, carbon dioxide, acetaldehyde. They are ob-
tained in each case by dividing the amount of prod-
uct by the carbon monoxide forined in a photolysis
without oxygen, carried out either immmediatelv be-
fore or after the oxygen run. This assumes that the
quantum yield of carbon monoxide production in
the absence of oxygen is unity, and the intensities
quoted are also based on this assumption. This is
true at temperatures of 100 to 200°, but may be a
slight overestimate at 35°. Runs made with pure
diethyl ketone in the absence of oxygen failed to
show a definite trend in the ratio of carbon monox-
ide formed to incident intensity at 35°. There may
be a slight decrease in quantum vield of carbon
monoxide forination at high intensities due to reac-
tion between ethyl and propionyl radicals.
Kutschke, Wijnen and Steacie® using higher inten-
sity radiation than used in this work found values of
®co = 0.6 at 25° and 0.8 at 50°. Thus while no
evidence indicating radical recombination was
found in this work, it is possible that the quantum
vields quoted at 35° are all 10 to 209 high. This
does not affect the conclusions reached. At the
higher temperatures, the quantum vields should
1not be subject to any systematic error caused by
low carbon monoxide vields in the absence of oxy-
gen.*

Table I shows the quantum vyields as functions of
oxygen pressure at four temperatures. They are
accurate to within about 0.05 except for occasional
inexplicable wrong values, and also excepting the
quantuin yield of oxyvgen disappearance which may
be in error by as much as 0.5 in some ruus. In all
runs the amount of diethyl ketone reaction was kept
well below 1/,9; so that secondary reactions of
products were negligible. The most interesting
feature is that the oxygen consumption passes
through a maximum at 35° aud that the maximum
becomes less pronounced with increasing temipera-
ture. The quantum yields of carbon dioxide and
acetaldehyde follow a similar course, the former
being the larger at low temperatures, while the
acetaldehyde predominates at the high tempera-
turcs. The carbon monoxide quantum yield falls
rapidly from unity at 35°, but at 150° reaches val-
ues as high as 1.8. Soimne experiments were carried
out at higher oxygen pressures (about 30 mim.) to
determine whether oxyvgen completely prevents re-
action or not. These results are also shown in the
tables.

Ethane and cthylene are produced at very low
oxvgen pressures and then only in very small
amounts which increase with increasing tempera-
turc.  These quantum yields are given in Table IT.
A few experiments were carried out with 35 unn. of
diethyl ketone and high pressures of nitric oxide to
act as a “scavenger.”  The results are shown in Ta-
ble 111, Nitrogea was one of the main produets
wlien nitric oxide was present. No attempt is made
to explain this fact in view of the small number of
ruus carried out with nitric oxide present.
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The quantum yield of oxygen disappearance is
larger than the sum of CO; and CH;CHO, thus in-
dicating that there is at least one major oxvgen-

TaslLE I

QuaNTUM YIELDS 1N DIETHVL KETONE-OXYGEN MIXTURES
Ketone pressure = 35 min,

I
O ei;‘—
pres- Lefngth stlei/ns,é 5.
T Cmin A0E P Pco Peos Pomenmo caled,
T = 35°
0.033 10.50 7.75 4.60 0.26 2.26 1.47 0.29
075 10.20 7.75 4.82 .16 2.49 1.65 .19
.195 10.40 7.75 4.63 .13 2.45 1,182 .13
400 10.50 7.75 4.65 .15 2,42 1.66 .11
L7453 11.00 7.756 4.16 .13 2,10 1.03 .10
1.56 20.00 7.75 3.36 111,77 1.22 .09
2.89 21.25 7.75 2.90 .09 1.44 1.26 .09
27.5 106.80 7.73 0.93 1.05 .09
T = 70°
0.033 10.50 8.8 4.87 1.11 1.8 1.70
.06 11.00 8.86 5.25 1.00 1,80 1.65
.16 12.00 8.86 5.87 0.56 2.85 2.02
.44 7.00 8.8 6.05 .34 3.37 2.29
.70 §.00 &.86 6.30 .34 3.2 2.35
1.14 10.00 8.8 5.350 .24 2,72 1.78
2.03 10.00 8.86 5.05 26 2,43 1.44
34.0 80.00 8.86 . 1.03 1.10
T = 100°
0.025 10.45 v.95 3.39 1.73 0.56 1.12
.03 10.530 7.95 4.31 1.77 .96 1.41
.10 11,20 7.95 5.28 1.68 1.38 1.86
.50 9.00 7.70 6.8+ 0.80 2.8 2.66
1.10 10.00 9.65 b6.70 63 3.11 2.50
1.88 10.00 7.70 8.51 .81 2.64 2.42
4.0 15.00 9.72 o 412,62 2.07
35.0 85.00 8.00 oL 1.19 1.14
T = 150°
0.022 15.60 7.62 2.38 1.69 0.40 0.95
15 12.00 &350 +.10 1.86 R D W
.56 T.00 7.62 5.71 166 1,19 1.80
.91 10,00 7.62 £.88 1.56 1.32 2.24
1.09 10.00 7.62 0.55 1.59 1.96 2.70
2.10 11.00 7.62 K59 1.48 2,35 2.45?
2.24 11.00 7.62 &.41 1.40 224 3.01
40,0 60.00 7.62 .. 0.93 1.83 2,04

TapLEe 11

QuanTtuMm Yierps or C, HyYDROCARBONS 1IN DIETHYL KB-
TONE~-OXYGEN MINTURES

Ketone pressire = 35 nun.
T K
O1 einsteins/ (CoHs), ml. mole ™!
Tenmp., pressure, ml./sec. mole sec. 7!
°C. mm. X 1012 Pe; omllox 101 X 1011
35 0.033 7.0 0,04 1.53 0.8
33 075 .00 .02 1.00 .0
35 C16A 7.5 L0l 0.63 !
70 032 760 10 1.01 .9
70 055 8.8 035 1.01 1.2
70 L1656 886 12 0.65 0.6
I 025 TLAA 03 LTh 3.0
100 30 04 Y A8 3.0
150 022 7.62 15 .83 5.1
150 .1535 8,47 .06 .39 1.
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TaBLE III

YierLps 1N DietuvL KEeETONE-NITRIC OXIDE
MIXTURES®

QUANTUM

Ketone pressure = 35 mm., alpine burner

NO
Temp., pressure,
°C. mm. Poo Dy,
35 10 0.07 0.81
35 80 .09 6.6
150 73 .34 2.0

2 The formation of nitrogen in these experiments is inter-
esting but was not pursued further. A similar effect was
found in acetone-nitric oxide mixtures by Anderson and
Rollefson.%

ated product for which analysis has not been made.
Products such as acetic and propionic acids,
methyl and ethyl alcohols, water, diketones, etc.,
all have vapor pressures which would make their
fractionation from a large amount of diethyl ketone
impossible. An attempt was made to identify some
of these products by photographing their ultraviolet
spectra after a 36 hour run, but the absorption curve
was almost identical with that of the pure ketone.
The presence of acid groups was shown, however, by
freezing the products of another run into 20 ml. of
air-free distilled water and measuring the pH of the
resulting solution. A value of 4.5 was obtained,
and this when compared to 6.0 for the water cor-
responds to an acid quantum yield of about 3 if the
value of K4 for acetic acid is assumed.

Variation in light intensity has very little ef-
fect at 35° but, at higher temperatures, the quan-
tum yields all increase with decreasing intensity
(Table IV). At the highest intensity, with the A-

TABLE IV

VARIATION OF QUANTUM YIELDS WITH INTENSITY IN
DieTHYL KETONE-OXYGEN MIXTURES
Alpine burner; ketone pressure = 35 mm., O; pressure =

1 mm,
I,
Length einsteins/
Te"rCuI.) b oixfil:xl.l‘ m>1{ /ffeﬁé 20, ®co  Pcor  Pemgemo

35 340 0.27 3.6 0.15 1.5 1.2

35 70 1.20 3.3 15 2.3 1.4

35 10 7.67 3.7 .14 2.0 1.3
100 480 0.21 &8 1.03 3.2 2.9
100 40 1.57 7.7 0.73 3.3 3.0
100 10 5,70 7.8 .74 3.2 2.8
100 10 9.65 6.7 .63 3.1 2.5
150 360 0.21 15.4 4.0 3.0 4.8
150 50 1.39 12.7 2.8 2.6 3.0
150 19 5.58 8.9 2.1 2.3 2.8
150 9 9.52 8.5 1.9 1.9 3.0
150 0.21 750° 5.9 1.5 1.5- 2.0
* A-H6 arc.

H6 arc, the quantum yields seem to have ap-
proached a lower limit, and the variations can be
represented by equations of the form
® =k + k"/L2

where & is the quantun yield in question, #” and &”
are constants dependent on oxygen pressure, and
is the number of quanta absorbed per second per
ml.

Diethyl ketone labeled with C!#in the carbonyl
position, prepared by Finkelstein,” was photolyzed
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both in the presence and in the absence of oxygen at
150°, The amount of carbon monoxide produced
in the absence of oxygen agreed well with that
produced by the unlabeled ketone (8.6 X 1072
moles ml.~! sec.”™! compared to 8.4 X 10~ mole
ml.~! sec.”!), but the amounts of products during
photooxidation were somewhat low. The carbon
monoxide, carbon dioxide and acetaldehyde were
found to be 93, 77 and 49, radioactive, respec-
tively.

Table V shows the effect of varying the wave
length upon the quantum yields of products.

TABLE V
VARIATION OF QUANTUM YIELDS WITH WAVE LENGTH 1IN
DieTHYL KETONE-OXYGEN MIXTURES
Ketone pressure = 35 mm.

I
Oz ein-
Wave i
pres-  steins/
Temp., length, , K .
°C. . Sll;:; u;} /1S(Jelc2 2o ®co  ®co: Pemcno
35 2650 0.55 0.82 4.3 0.25 2.1 1.7
35 2650 1.08 0.82 3.8 .23 1.8 1.7
2650 -
35 {3130} 1.01 1.20 3.3 15 2.3 1.4
35 3130 1.01 1.22 3.0 .10 2.6 1.3
150 2650 0.52 0.056 9.7 3.0 1.9 3.1
150 2650 0.54 .57 6.8 2.3 1.2 2.5
150 2650 1.10 .57 8.7 26 1.7 3.2
150 2650 1.85 .57 10.1 2.6 1.9 3.2
Discussion

To facilitate the discussion it seems advisable to
list at one point all of the steps in the mechanism
which will be discussed

C.H;COC.H; + h» = C.H,CO + CH, (1)

CH,CO = CO 4 CgHs: Ry = Eo(CoHCO) (2)
CH:CO* = CO 4+ CHs; @ = ao (2a)

CiHCO + 0; = CO; + C3H:O (3)

R + C;H;COCgH; = RH + CuH,COCH, (4

C.H;O0 + C.H:;COC.H; = C.H:OH + C,H,COCH; (5
C.H,COC,H; + O, = CH;CHO + COs + C.H; (6)
C.H;0 4+ 0, = CH;CHO + HO, (7)

C.H;0 + C:H;O = CH;CHO + C,H;0H (8)

CoHs + O = CoHi02; Re = ky(CoHs)(0s)  (9)

)

)

)

CoH; + C:H; = CoHg + CoH, (10
C2H5 + C2H5 = C;Hlo (11
C.H:;COC:H; + C,H; = CyHs + C.H,COC,H, (12

2C2H502 = 2C2H50 + 02 (13)

The photochemical reaction of diethyl ketone
with oxygen must have a complex mechanisin. The
following facts must be borne in mind. (1) Quan-
tum yields are essentially independent of intensity
from 35° to about 100°, but at 150° they decrease
as the intensity increases. The chain ending step
must vary with temperature and is presumably a
radical-radical reaction at 150°. (2) All yields
pass through maxima (except possibly carbon mon-
oxide at 35°) as oxygen pressure increases. This in-
dicates that whereas oxygen is essential to chain
propagation, it must also act as an inhibitor. At
high oxygen pressures at all temperatures the yields
approach limiting and not very high values.
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A complete material balance has not been
achieved. Products other than those quantita-
tively determined are formed. This statement may
be easily verified by attempting to base a material
balance on the determined products: CO, CO,,
CH;CHO, C; hydrocarbons. Semi-quantitative an-
alyses indicate that the missing products are
mainly acids” and ethanol.

Certain conclusions may be drawn about the
mechanism, and fairly good estimates made of the
rates of a few of the steps.

(a) The Decomposition of the Propionyl Radi-
cal..—No reliable estimate seems to have been
made of the rate of this reaction although it is
generally considered to be higher than that of the
decomposition of acetyl radicals.!?

The primary process may be assumed to bel?
reaction 1 where ¢, the primary quantum yield, is
probably about one in the absence of oxygen, al-
though a weak fluorescence has been observed.!!
The same is almost certainly true at low oxygen
pressures at all temperatures, but the effect of oxy-
gen at pressures of several millimeters, particu-
larly at low temperatures, needs further investiga-
tion.’ The error introduced by assuming ¢ = 1
is probably negligible.

At 35° neither oxygen nor nitric oxide at pres-
sures of several millimeters suppresses carbon mon-
oxide formation completely (Tables I and III).
If reaction 1 is the sole primary process, a small
fraction of propionyl radicals must retain enough
energy to dissociate immediately. This conclusion
resembles one which also appears to be necessary
in the case of acetone.!®€-2 et us designate the
fraction of propionyl radicals which inevitably dis-
sociate as a (all ®'s designate quantumn yields).
Thus propionyl radicals will decompose by reac-
tions 2 and 2a where C;H;CO* indicates propionyl
radicals which have retained energy from the pri-
mary process, and reaction 2 indicates that some of
the propionyl radicals have reached thermal “‘equi-
librium” and react either by (2) or with molecules
m the system such as oxygen.

The quantity « will not be discussed in detail.
At 35° with the radiation used in most of the experi-
ments & = 0.09 since this is the approximate lim-
iting value for ®co at both high oxygen and at high
nitric oxide pressures. The data in Table V show
that « increases with decrease in wave length. The
dependence of « on temperature is uncertain since
even at 70° any source of CO other than (2a) may
not be suppressed completely even when 2 mm, of
oxygen is present. Estimates from Tables I and III

(12) E. W. R. Steacie, ‘‘Atomic and Free Radical Reactions,”
Reinhold Publ. Corp., New York. N. V., 1954, p. 630.

(13) W. A. Noves, Jr, G. B, Porter and J. E. Jolley, Chem. Rers,,
836, 40 (1950).

(14) M. S. Aatheson and J. W. Zabor, J. Chem. Phys., T, 336
(1939).

(15) See W. A, Noyes, Jr., Helv, Chim. Acta, in press.

(16) D. S. Herr and W. A. Noyes, Jr.,, Tuis JournaL, 62, 2052
(1940).

(17) W, A. Noves, Jr., and L. M. Dorfman, J. Chem. Phys., 16, 788
(1948).

(18) J. S. A. Yorsyth, Trans. Faraday Soc., 37, 312 (1942).

(19) R. W. Durham and E. W. R, Steacie, J. Chem. Phys., 20, 582
(1952).

(20) 11. W. Anderson and C. K, Rollefson, TH1s JoUurNaL, 63, 81¢
(1941).
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place @ ~ 0.15 at 70° and ~0.3 at 150°. Hence a ~
0.2 at 100° by interpolation.

Equilibrated propionyl radicals react with oxygen
without giving carbon monoxide. Since ®c¢» +
$eo, = 1 at high oxygen pressures at 35° and is but
little greater than unity at 70° and at 100°, one
may with considerable assurance write reaction 3
with a rate R; = k3(C,H;CO) (0,). C;H;0 is intro-
duced to balance the equation, and the only evi-
dence for this is the presence of ethanol in the prod-
ucts. Reaction 3 might be broken down into a ser-
ies of steps, but there is no real basis for so doing.

From eq. 1-3 one may write, if Co;H;CO radicals
are produced only in the primary process
= 1+ ak(Od)/ky
T 1+ k(O [k

Peo, = ad- ajka('()?)/ég

Do (14)

T KO ks (19
and
$co + Peo, = 1 (16)

Equation 14 reproduces the data at 35°, from
which the value of &;/k; at this temperature may be
estimated as 20 X 10° I./mole. Values of ®¢o cal-
culated by use of this ratio and « = 0.09 are shown
in Table I.  Above 35° the CO yield does not obey
eq. 14, and eq. 15 is not valid at any temperature.
Equation 16 is valid at high oxygen pressure at 35°,
approximately valid at 70° and may even be valid
at 100 and 150° at higher pressures than were used
in this work.

The following conclusions seem valid: (a) therc
is a CO or C,;H;CO producing step other than reac-
tions 1, 2 and 2a, which is temperature dependent
and becoines appreciable above 35°; (b) thereisa
source of COs other than reaction 3 at all teinpera-
tures; and (c) at high pressures of oxygen these
additional sources of CO and CO, are suppressed.

Estimates lead to a value of about 2.2 X 10°
1./mole for k;/ky at 70°, This gives an activation
energy difference for E; — 3 of about 13 kcal., but
this is uncertain to at least 3 or 4 kcal. The ratio
of pre-exponential factors ag/a; is about 10* and
hence to give a reasonable collision diamieter to re-
action 3, the pre-exponential factor for reaction 2
must not be greater than about 1013 sec.~!.

(b) The Chain Propagating Steps.—Quantum
vields of oxygen disappearance are such that under
most conditions more than one molecule of ketone
must disappear per quantum absorbed. There
must be a radical attack on ketone inolecules, and
this is probably an abstraction of the forin shown in
reaction 4. At very low pressures of oxygen (see
Table II) the formation of CiH; is good evidence
that C,H; partakes in reaction 4, but it seemns al-
most certain that C;HsO is the main hydrogen ab-
stractor as shown in reaction 3.

Quantum yields for carbon monoxide formation
in pure diethyl ketone are but little more than unity
even at 150°.2! Hence the radical C,H,COC:H; does
not dissociate appreciably under conditions emn-
ployed in this work. It may be expected to react
with oxygen prior to dissociation in these experi-
ments. Reactions of pentanonyl radicals with oxy-
gen are proposed as chain propagating steps. The

(21) A N. Strachan, Pl ). Thesis, University of Rochester, 1954,
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mechanism seems less complicated at 35° than at
higher temperatures.

(c) The Reaction at 35°—A source of carbon
dioxide other than reaction 3, which depends on
the chain length and which is important at all
oxygen pressures except the very highest is re-
quired by the considerations of section (a). Reac-
tion 6 fulfills these conditions. Evidence for
reaction 6 is provided by the data at 35° since

Roo + Rco, = ala 4 ko(CoH;CO) + ks(O9) (C:H:CO) +
E(P)(O9) (17)

where (P) represents the concentration of penta-
nonyl radicals.
From the steady state for C;H:CO

I, = al, + k(CoHsCO) + ki(0:) (C:HsCO) (18)

Hence

$y = Pco + Poo, — 1 (19)
where ®¢ is the number of pentanonyl radicals
which react per quantum by reaction 6. Compari-
son of the right-hand side of eq. 19 with ®crcno
(Table I) shows good agreement up to pressures of
about 0.4 mm. oxygen. At higher pressures
®eremo exceeds Poo + Pco, — 1, the excess in-
creasing with oxygen pressure until at 27.5 mm. it
equals unity. The appearance of another acetalde-
hyde producing step, increasing with oxygen pres-
sure, coincides with the decrease of quantum yields
from their maxima and suggests a chain stopping
step of the form of reaction 7.

If all pentanonyl radicals react with oxygen by 6
and pentanonyl radicals are formed solely by 5, one
obtains

(®omgoro — Poo — Pcos + D(K) _ A

(®co + ®coy — 1)(0y) T ks (20)

where (K) and (Op) are concentrations of ketone
and of oxygen, respectively. Since (®cmcmo —
®go — Poo, + 1) is very close to zero, small errors
in the individual quantum yields cause relatively
large errors in &7/k;, real values of from 5 to 16 being
obtained. Substituting a value of k7/2; = 10 in
eq. 20 and calculating ®cH;cHO gives values which
are in reasonable agreement with the experimental
data. If the mechanism is correct, then k;/ks =
10 £ 5. The greater efficiency of reaction 7 over 5
is qualitatively evident from the fact that 2 mm. of
oxygen in 35 mm. of ketone causes a considerable
reduction in the quantum yields. At higher tem-
peratures the decreasing effectiveness of oxygen as
a chain stopper indicates that k;/ks; decreases with
increasing temperature.

(d) The Reaction 70-150°,—The oxygen pres-
sure at which the maxima in the quantum yields
of O,, CO; and CH3;CHO occur increases with tem-
perature. At 35° the maxima occur at very low
oxygen pressures, At 150° the quantum yields
are small at low oxygen pressures and rise slowly
so that they have not begun to decrease even at
2 mm, pressure. At each temperature the CO quan-
tum yield decreases nearly to its lowest value in the
same oxygen pressure range as the other quantum
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yields attain their maximum values. These facts
are in accord with the mechanism put forward so
far, as can be seen by comparing the total effect of
step 2 with that of the sequence 3, 5 and 6. In each
case one ethyl radical is formed, but the second se-
quence gives four product molecules and uses up two
oxygen molecules compared to the single carbon
monoxide molecule produced by step 2. Thus high
quantum yields will be obtained when propionyl
radicals react with oxygen before they dissociate
and when the oxygen pressure is low enough to make
reaction 7 of minor importance. These conditions
are found at relatively low oxygen pressures at 35°
and at relatively high oxygen pressures at 150°
(where radical-radical reactions largely replace (7)
as chain ending steps).

The carbon monoxide quantum yields increase
with temperature at any given oxygen pressure.
Values over unity are observed at 70, 100 and 150°,
indicating another CO or CoH;CO producing step
with a suitable activation energy. Since $¢o al-
ways decreases with increasing oxygen pressure
(except for an initial rise at 70, 100 and 150°), the
direct formation of carbon monoxide is not possible,
and almost certainly propionyl radicals are pro-
duced which may dissociate to give carbon monox-
ide. It is possible to suggest a second mode of re-
action of pentanonyl radicals with oxygen (in addi-
tion to (6)) which would yield acetic acid and pro-
pionyl radicals, Such a step has the formal qualifi-
cations to satisfy the facts, but the kinetic ex-
pressions may not be used because the data are not
accurate enough.

The reaction undoubtedly increases in complex-
ity as the temperature increases. Previous work?
indicates that carbon monoxide and carbon dioxide
are formed almost entirely from the carbonyl
group at 30° and that acetaldehyde comes from the
ethyl groups. This is in agreement with the mech-
anism so far proposed. At 100° part of the carbon
dioxide comes from the a-carbon atoms and in the
present work at 150° possibly one quarter of the
carbon dioxide does not come from the carbonyl
group.

These facts indicate strongly that compounds
containing one carbon atom should be formed from
the end carbon atoms. No formaldehyde was found
in the present work, and forinic acid could not have
been detected.

The chain terminating step at 35° and at 70° ap-
parently involves oxygen and reaction 7 is at least
formally satisfactory. The HOs radicals (forined
from 7) are often considered to be inert and not to
propagate chains at low temperatures, but satis-
factory data about these radicals are alinost com-
pletely lacking.??

At high temperatures (150°) the effect of in-
tensity indicates strongly a radical-radical chain
stopping step. This raises the question as to what
happens to the C;H;O, radicals. If these radicals
are relatively inert, they may last long enough to
yield ethoxy radicals by reacting with each other.?3
Probably most C,H;0, radicals yield ethoxy radi-

(22) See ref. 12, p. 607 et f.

(23) J. H. Raley, I.. M. Porter, ¥, F. Rust and W. F. Vaughan, THis
Jourwar, 78, 15 (1831,
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cals by some process. A quantitative method of de-
termining ethyl alcohol was not available when
these experiments were performed. In any case the
most logical chain stopping step is reaction 8. For
(8) to be important at 150° and not at 35 and 70°,
the concentration of ethoxy radicals must be far
greater even at the lowest intensity used. This is so
because (5) and (7) must have appreciable activa-
tion energies whereas (8) would probably have a
low activation energy. This may mean that the in-
termediate steps preceding ethoxy formation (such
as (6) and (3)) proceed far more rapidly at 150°
than at lower temperatures.

(e) The Reaction of Ethyl Radicals with Oxy-
gen.—The rapid reduction of the quantum yield of
C. hydrocarbons with increase in oxygen pressure
is an indication of the speed with which ethyl
radicals react with oxygen and provides a means
whereby the method of competing reactions may
be used to measure the rate of reaction 9.

The C, hydrocarbons are forined along with bu-
tane by the well characterized reactions 10, 11 and
12,4=% at a rate given by

Ro, = 2k1(CoHs)? + F1a(K) (CoHy) (20

The total number of ethyl radicals introduced into
the systeni may be assumed to be the sum of those
introduced by reactions 1, 2, 2a and 6. Thus from
the yields of CO and CO; and the number of quanta
absorbed, one can estimate the number of ethyl
radicals forined. They may now be assumed to dis-
appear only by reactions 9, 10, 11 and 12. Since
those which disappear by reactions 10, 11 and 12
can be calculated from &c,, the number which dis-
appear by reaction 9 can be calculated. If one uses
by, by and Ay Ry’ from previous work,??* the in-
stantaneous value of (C;H;) can be calculated from
eq. 21. Hence all of the information necessary for
calculation of ky is available. The results are
shown in Table II. Considerable scatter is to be ex-
pected due to uncertainties in &, but the activa-
tion energy of (9) must be very low, and the steric
factor is of the same order as that of (12), 7.e.,
about 107°% The steric factor for the correspond-

(24) K. J. Ivin and E. W. R. Steacie, Proc. Roy. Soc, (London),
A208, 25 (1951).
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ing methyl radical reaction has a stmilar order of
magnitude.!5.5.26

The initial product of (9) must be C,Hz0, radicals
but no definite conclusions about their subsequent
reactions can be drawn from the present work al-
though somne suggestions can be made. At 35°, for
example, since the formations of CO, CO, and CH;-
CHO have been accounted for by the mechanism,
these products may not result in appreciable quan-
tities from reactions of C:H;O» radicals. Decom-
position, either directly or following hydrogen ah-
straction to form a hydroperoxide, would alinost
certainly produce acetaldehyvde in much larger
amounts than observed at all temperatures. It
seems probable that reaction 13 takes place®® al-
though reaction with oxygen to form CyH;O and
ozone cannot be eliminated. From the mechanisin
the expression 2 ($co 4+ &Pco,) — Do, should be
zero if none of the oxygen consuined by the radi-
cals is returned to the system. The values for this
expression show considerable scatter but are about
0.4 (35°), 0.7 (70%), 1.0 (100°), and at 150° there
are about as inany negative as positive values.
Support is obtained therefore for a reaction which
returns some oxygen to the system.

Further speculation about reaction mechanism
does not seein to be warranted.

Thus the photochemical diethyl ketone—oxygen
reaction may be described in much the same terms
as the acetone—oxygen reaction.!h?.¥.2  Alany
important questions remain to be answered, particu-
larly as regards the detailed behavior of the RO.
intermediates. It seems fairly evident that their
inain fates are not the formation of hvdroperoxides.
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The thermal decomposition of ethyleyclobutane has been studied over the pressure range 7—400 mm. at 450° and at 420~

460° for pressures of 10 to 200 mm. The products were found to be almost exclusively ethylene and 1-butene.
composition is a homogeneous, first-order reaction which is not inhibited by nitric oxide, propyvlene or toluene.

The de-
The tem-

perature dependence of the experiments with initial pressures of 10-200 mm. gave an activation energy of 62 =% 1 keal. /mole.
The first-order rate constant can be expressed as 2 = 3.6 X 1015 ¢~82000/ET gec —1,

Earlier investigations® have indicated that the

(1) This work was supported by a grant from the Celanese Cor-
poration of America,

(2) (a) C. T. Genaux and W. D. Walters, Ti1s JourNar, 78, 4497
(1051); () C. T. Genaux, F. Kern and W. D. Walters, tbid., 75,
6196 (1953); (¢) 1°. Kern and W. D. Walters, Proc. Natl, Acad. Sci.
17, 5., 38, 947 (1052)

homogeneous thermal decomposition of the cyclo-
butane molecule produces two molecules of ethylene
by a first-order reaction which is not inhibited by
the presence of nitric oxide, propylene or toluene.
The first-order rate constants fall off as the initial
pressure is lowered (10 mm. and below) and the



